The detection of volatile organic compounds is accomplished with a sensing device based on a long period fiber grating (LPFG) coated with a zinc oxide (ZnO) thin layer with self-temperature compensation. The ZnO coating structure was produced onto the cladding of the fiber by thermal oxidation of a metallic Zn thin film.
INTRODUCTION
In recent years optical fiber sensors have been increasingly applied in the monitoring of physical, chemical and biochemical parameters [1] [2] [3] due to its properties such as small dimensions, high melting temperature, high sensitivity and bandwidth, real-time monitoring of several parameters simultaneously, multiplexing, long-distance transmission and low reactivity of silica 4 .
The development of long period fiber gratings (LPFGs) sensors is an active area of research which already led to the demonstration of sensors for strain, bending and temperature 5 , food quality control 6 , recognition of bacteria 7 and DNA/Aptamer detection 8 .
The fabrication of sensors for the detection of liquid and volatile organic compounds is of significant interest in monitoring industrial, environmental and physiological processes, like detection of explosive or pollution gases, and medical breath analysis. An ethanol vapor detection probe 9 , a gas sensor of amine 10 toluene and benzene odors 11 and a toluene sensor for use with water contamination 12 were demonstrated using LPFGs functionalized with a polyelectrolyte multilayer, calixarenes thin films and metal oxide nanoparticles.
LPFGs are produced by different methods by introducing a periodic modulation in the refractive index (RI) of the fiber core in the range of hundreds of micrometers and a length of a few centimeters 13 . The period of the RI modulation is such that phase matching between the core mode and a forward propagating cladding mode occurs causing light to be coupled into cladding modes 14 . In this way several attenuation bands are formed in the transmission spectrum of the fiber 5 . The interaction with external media of the fiber is reached due to the evanescent field of the cladding modes, thus making the optical properties of the LPFGs dependent of the characteristics of the materials surrounding the fiber.
Therefore the optical response of LPFGs can be specifically tailored to enable detection of a number of different chemical species at a wide range of concentrations by coating the fiber with specific materials 15, 16 .
Metal oxides are known to undertake changes of their optical and electronic properties upon adsorption involving a chemical reaction between the surface and the adsorbate, making them candidates for chemical sensing 17 . They have been extensively studied for electrical gas sensing applications 18 , but not much information is available for optical gas sensing. Among these, zinc oxide (ZnO) is an interesting material for the implementation of chemical sensors 19 , due to its optical, electrical and mechanical properties, to the variety of methods for it synthesis and to the multiplicity of morphologies that can be grown. It is a wide band gap n-type semiconductor, chemically and thermally stable and is highly transparent in the near infrared 20, 21 .
Conductivity changes induced on ZnO surface due to adsorption of organic vapors or active gases, such as ozone, gasoline, toluene and ethanol, has led to electrically interrogated sensors 22 . Optical interrogation based on ZnO thin films, nanoparticles and nanorods were demonstrated for ethanol, methanol and isopropanol vapor sensing using LPFGs, micro-ring resonators and surface plasmon resonance schemes 9, 23, 24 .
In this work a ZnO coated LPFG sensor was fabricated and optically interrogated at the at the standard C-band telecom window (1530 nm-1565 nm) for the detection of volatile organic compounds, ethanol and hexane. The sensor is based on a simple and inexpensive oxidation process of a Zn thin film as an outer cladding coating on the grating. The formation of the thin dielectric film of ZnO on top of silicon (Si) substrates was characterized by X-ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscope (SEM).
MATERIAL AND METHODS

Fabrication of ZnO coated LPFGs
The LPFGs were produced by the electric arc technique 25 using commercially available single mode fiber (SMF28e, Corning, Inc.). The period of the gratings was 387 μm, a value chosen to produce a dip in the transmission spectrum near 1.48 μm, corresponding to a resonance of the core mode with the asymmetric 6 th order cladding mode. A grating length of 40±5 mm provided maximum attenuation above -20 dB.
Metal Zinc (Zn) thin films were produced around the LPGF by thermal evaporation of pure Zn using an electron beam evaporator model Auto 306 (Edwards Ltd, U.K.) fitted with a rotary system in order produce homogeneous thin films around the fibers, described elsewhere 26 , whose chamber was kept at ~2x10 -6 mbar. A 2 nm layer of chromium was deposited to improve of the adhesion between the silica and Zn thin film.
A set of Zn thin films were deposited simultaneously on silicon substrates for further X-ray diffraction (XRD, model X'Pert Pro, PANalytical, Netherlands), XPS (model AXIS Ultra HAS, KRATOS, U.K.) and SEM (model models QUANTA 400 FEG, FEI, U.S.A.) analysis of the surface morphology. A quartz micro balance model FTM5 (Edwards Ltd., U.K.), gives the value of Zn film thickness deposited on the stationary Si substrates. A surface profiler model DektakXT (Bruker Co., U.S.A.) was used to measure the thickness of Zn and ZnO thin films.
The oxidation of Zn thin film was performed by following the procedure described elsewhere 27 . Briefly the Zn coated LPFGs were positioned in the central section of a furnace (Termolab, Portugal) with one end clamped while at the other end a 5 g magnetic weight kept the fiber with a constant tension. The Zn coating was then heated at 400 ºC for 1 hour and the monitored in real time by analyzing the transition spectrum. Finally, a fiber Bragg grating (FBG) with 60 % reflectivity centered at 1.55 µm wavelength inscribed in a hydrogenated standard communication single mode fiber (SMF28e, Corning) using the procedure described by Hill et al. 28 with a UV laser and a phase mask was fusion spliced to the LPFG in order to measure eventual temperature variations.
Characterization of the sensors
The measurement of the vapor sensitivity of the LPFGs sensors was accomplished using the arrangement illustrated in Fig. 1 . The set comprised by the glass bottle, valves and a gas cell was placed inside an oven, whose temperature was controlled within ±0.1 ºC, and has an opening for the fibers and the vacuum tube. Before being positioned inside the chamber, the sensors were hold under tension by clamping both ends to a 10 cm long glass slide with epoxy. The crystal structure of the film was confirmed using XRD ( CuK α radiation) in Bragg-Brentano geometry ( / 2 θ θ coupled). After oxidizing at 400 ºC in air for 1 h, the diffraction patterns of Zn disappear, as shown if Fig. 4 , and the metallic zinc is completely transformed into ZnO (zincite). Six peaks appear at 2θ from 20° to 65° and they correspond to the (100), (002), (101), (102), (110) and (103) directions of the hexagonal ZnO crystal structure 33 . Also shown in Fig. 4 the peak at ~33º corresponds to the (110) direction of Cr 2 O 3 (eskolaite), which is the oxide intermediate layer of Cr used to improve the adhesion of the Zn to the silica.
Sensitivity of the sensors to ethanol
The ZnO overlaid LPFGs sensors were first tested for their ethanol sensitivity. After a sensor has been placed inside the gas cell, the set glass bottle/gas cell was pumped down and the oven was set to 25 ºC and left to stabilize for 20 minutes. Afterwards several reference transmission spectra were recorded at constant time intervals.
After the liquid ethanol is in thermal equilibrium with the set glass bottle/gas cell the temperature of the oven was risen in 0.5 ºC steps and for each vapor pressure value (or concentration) the LPFG spectrum was again recorded at constant time intervals. The increase in ethanol concentration in the gas cell gives rise to wavelength shift and attenuation variation of the resonant bands of the LPFG, as is illustrated in Fig. 5 for the LP 16 mode of a 100 nm thick Zn coated LPFG (the reference transmission is also shown). Figure 6 a) and b) illustrate the corresponding normalized wavelength shift and the normalized attenuation variation, respectively, as a function of the ethanol concentration. A sensitivity of 0.99 nm / g.m -3 for the wavelength shift mode of operation was calculated from the linear fit (R 2 = 0.95) of Fig. 6 a) . As shown in Fig. 6 b) a 3 rd order polynomial trend was found for the variation of the normalized attenuation with the ethanol concentration.
Commercial available optical spectrum analyzer with 2 pm resolution would make feasible the detection of an ethanol concentration of ~0.002 g.m -3 . However the spectral resolution, R , has to be taken into account. It can be estimated considering the values obtained from two measurement linked with two different values of the external RI, obtained from the following expression where c δ is the amplitude of the concentration step variation, RI S is the sensitivity to RI variations, δλ is the difference in the wavelength resonant dip and σ is the highest standard deviation between the two steps. From the data shown in Fig. 7 a spectral resolution better than 3.2 g.m -3 was calculated.
A preliminary investigation of the selectivity of the sensor was carried out using hexane following the same procedure as before. Figure 8 illustrates the wavelength shift and attenuation variation of the resonant bands of the LPFG for increasing hexane concentration. As shown in the insets of Fig. 8 , while there is a noticeable decrease of the dip of the resonance band with increasing hexane concentration the corresponding wavelength only shifts slightly for low hexane concentration (up to 1780 g.m -3 ). The wavelength sensitivity for hexane is 0.003 nm / g.m -3 , a value much smaller than the corresponding for ethanol (0.99 nm / g.m -3 ).
When a metal oxide such as ZnO is left unprotected, oxygen from air is absorbed on the surface transferring negative charge to the oxygen and leaving a positively charge surface barrier to electron flow at each grain boundary in the metal oxide 35 . When the ZnO thin film are exposed to reducing gases such as ethanol they will react with the adsorbed oxygen ions, leading to the release of the trapped electrons to the conduction band and an increase of the carrier concentration 36 . The conductivity of the metal oxide. The ethanol induced electronic mobility in the ZnO thin film results in conductivity change, related to the concentration and chemical composition of the reducing gas, which in sequence is directly associated with optical absorption and refractive index changes 9 .
Additionally, it was found that ethanol adsorption on ZnO results in shorter Zn-O bounds, which can be correlated with strain induced refractive index changes 37 . Consequently, the adsorption of ethanol onto ZnO thin film structures induces both electronic and structural modifications which leads to refractive index and optical absorption variations. While the ZnO refractive index is modified, affecting both visibility and spectral position of the LPFG attenuation band, optical absorption will mainly induce variation on the attenuation visibility. This may be a reasonable explanation for the change of the LPFG band intensity and wavelength shift presented in Fig. 5 . 
CONCLUSIONS
It was presented a room temperature vapor sensing probe for ethanol and hexane employing a ZnO thin film as a chemosorptive material overlaid onto long period fiber gratings
The XRD analysis of a ZnO thin film indicated that oxidizing a Zn thin film at 400 ºC in air for 1 h the metallic zinc is completely transformed into ZnO (zincite).
When working in the wavelength shift mode of operation the sensitivity of 0.99 nm / g.m -3 and a spectral resolution better than 3.2 g.m -3 was measured. The sensor demonstrated a superior wavelength sensitivity toward ethanol when compared to hexane.
